Abstract. In this paper, we investigate the springback behavior of several advanced high-strength sheet steels (TRIP, Dual-Phase, ferrite-bainite) with thicknesses up to 4 mm. Samples were tested by means of the bending-under-tension (BUT) test. The BUT has been extensively applied, in the literature, to relatively thin (1 mm and thinner) sheet metals for automotive applications; the applicability of several guidelines from the literature was investigated in this work in the context of thick advanced high strength steel (AHSS) sheets and using a sample width of 12 mm. The monotonic decrease of springback as back force increased was confirmed for this category of sheet steels, and a general trend for the non-linear influence of the tool radius was observed. With the selected sample width, the effect of the secondary curvature was negligible. Conclusions and simple guidelines are drawn from the analysis with industrial sheet forming applications in mind.
Introduction
Advanced high strength steels have been developed as a promising solution for the weight reduction of automotive body-in-white, which is aimed at reducing fuel consumption and emissions. While they are formed, these sheet materials exhibit a different behavior as compared to the more classical mild steels; increased springback is one of the main concerns. For the experimental investigation of springback, the bending-under-tension (BUT) test [1] allows to avoid almost completely the effect of friction and to precisely control the "blank holding" force, which is known to play an important role. In this investigation, several sheet AHSS and a CD06 mild steel are tested using the BUT test, using different tool radii and backforces. The aim of the tests is to investigate the applicability of some trends previously observed for thinner sheets; indeed, 2mm and 4mm thick sheets have been tested. Also, the width of the specimens was significantly reduced with respect to those reported in the literature, in an attempt to avoid the influence of secondary curvature variations on the springback results. The springback behavior is primarily governed by the stress distribution at the end of the process; structural effects like secondary curvature, when they occur, uselessly complicate the interpretation of the results and should be avoided.
The tests were conducted using the test facility at the IUL Institute, Dortmund University [2] for most materials, except for the DC06 material which was tested using the experimental setup of LEM3, ENSAM Metz [3] (Fig. 1) . Four sheet materials were tested; their principal characteristics are summarized in Table 1 . The two sheet materials with 2 mm thickness were the most thoroughly investigated. The remaining materials were tested over reduced ranges of tool radii (for small thicknesses) and back force (for the 4 mm sheet). Free roller tools were used with tool radii of 5, 10 and 15 mm. Three levels of back force were set, determined for each material as pre-defined fractions of the force required to plastify the material. These so-called back force factors were equal to 0.5, 0.8 and 1.1. The specimens were 400 mm long and 12 mm wide. The tests were conducted with the front actuator in constant velocity control, and the back actuator in load control. All materials and conditions were tested with duplicate samples, at a bending angle of 90°. 
Investigation of the secondary curvature
Bending of sheet samples results in a secondary curvature, which has a non-negligible effect on springback in some particular cases [5] . This effect is due to the modification of the bending stiffness of the cross-section of the sample, when secondary curvature appears. The new shape of the cross-section depends on Searle's dimensionless parameter p w w R t ⋅ , were w, t and R p are the sheet width, thickness and radius of the primary bending curvature, respectively [6] . For values smaller than unity, the secondary curvature is constant, while for values larger than 20, the secondary curvature vanishes in the central area and increases near the edges. For the current experiments, Searle's parameter was less than unity in all cases, ranging from 0.8 (for the 1.2 mm TRIP A, R=5 mm, k=0.5) to 0.008 (4 mm FB, R=10 mm, k=0.5). Consequently, the secondary curvature of the cross-section was almost constant, and it could be determined by measuring its height at the middle of the cross-section (Fig. 2) . Then, the area moment of inertia of the cross-section could be approximated analytically with respect to the shifted center of gravity, supposing that its curvature radius is constant and that the width w does not change (see Fig. 2 for geometry and notations): 
where the position of the centre of gravity G , with respect to the centre of curvature O, is:
Then, the relative bending stiffness of the final cross-section, as compared to the original one, can be expressed with the following formula, where a possible variation of the Young modulus is also taken into account: 3 shows the variation of the bending stiffness with the secondary curl height. It appears that for the chosen 12 mm sample width, and in the range of measured secondary curl heights (less than 0.24 mm in all cases), the stiffness variation is very small for sheets 2 mm thick or more, and can be neglected in the interpretation; this was the aim of the current section.
The samples were further investigated by thickness measurements. After the tests, the thickness was reduced for all the samples. The thickness reduction ranged from 6% to 22% for the 2 mm thick sheets; this considerably reduces the stiffness of the sample, as illustrated in Fig. 4 . Consequently, thickness variation is probably one of the factors preventing accurate springback predictions by some analytical methods in cases with small values of the tool radius vs. thickness ratio.
Springback measures and discussion
It is often reported in the literature that springback diminishes quasi-linearly with back force. In the case of some aluminum alloys, however, non-linear evolutions were observed for back force factors larger than 0.8 [5, 7] . Another important factor of influence is the tool radius vs. thickness ratio. These two factors were particularly studied in this investigation, in order to determine their influence for the thick sheet AHSS. 5 shows the effect of the R/t ratio on the measured springback angles. The results for all the materials are overlapped in order to observe the general trends. The three plots represent tests performed with the same backforce factor. These results confirm that increasing the R/t ratio slightly reduces the springback in most cases. However, for R/t smaller than a certain limit, the springback angle strongly decreases as R/t decreases. The critical value seems to be about 4...6 for all of the studied materials, in spite of their very different thickness and mechanical properties. Fig . 6 shows the measured springback angles as function of the applied backforce. It appears that the influence of the applied back force was quasi-linear in all cases. As expected, larger k values produced smaller springback, and the differences due to the different materials or tool radii also diminished as k increased. Also, the range of springback angles diminished as k increased; k=0.5 produced the largest experimental springback angle of 57°, which was three times larger than the 19° maximum for k=1.1. 
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Summary and conclusions
The springback of several relatively thick AHSS sheets was investigated by means of the bending under tension test. The experiments confirmed that when sheet tension increases, springback decreases almost linearly. In general, springback decreases for larger tool radii (this effect is less significant than that of sheet tension). For small R/t ratios, however, this trend is completely reversed. Below a critical ratio, smaller tool radii induced a decrease in springback -even leading to "springforward". For all of the tested materials, thicknesses, and sheet tensions, the critical value was approximately R/t = 5. For the chosen sample width, the Searle parameter was less than unity in all cases. Consequently, secondary curvature had little influence on the results and no interference from changes in cross-section shape was observed when studying the effects of the other parameters. A thickness reduction was systematically observed, which has an influence on springback. This is believed to restrict the application of simple analytical solutions for small R/t and w/t values. Numerical investigations are under progress to further investigate and interpret these experimental observations.
